The standard of in-body communications is limited to the use of narrowband systems. These systems are far from the high data rate connections achieved by other wireless telecommunication services today in force. The UWB frequency band has been proposed as a possible candidate for future in-body networks. However, the attenuation of body tissues at gigahertz frequencies could be a serious drawback. Experimental measurements for channel modeling are not easy to carry out, while the use of humans is practically forbidden. Sophisticated simulation tools could provide inaccurate results since they are not able to reproduce all the in-body channel conditions. Chemical solutions known as phantoms could provide a fair approximation of body tissues' behavior. In this work, the Time Reversal technique is assessed to increase the channel performance of in-body communications. For this task, a large volume of experimental measurements is performed at the low part of UWB spectrum (3.1-5.1 GHz) by using a highly accurate phantom-based measurement setup. This experimental setup emulates an in-body to in-body scenario, where all the nodes are implanted inside the body. Moreover, the in-body channel characteristics such as the path loss, the correlation in transmission and reception, and the reciprocity of the channel are assessed and discussed.
Introduction
Nowadays, Wireless Body Area Networks (WBANs) enable the interconnection between independent nodes located inside the body, on the body surface, or farther away. One of the most powerful applications of these networks is the diagnosis and medical treatment of chronic illnesses at an early stage. One example of a wireless medical device is the capsule endoscopy, which can collect pictures through the whole gastrointestinal tract, reducing the patient's discomfort [1] . Capsule endoscopy makes the early diagnosis of serious illnesses such as the Crohn's disease easier [2] . Besides, this device can facilitate for doctors the diagnosis in certain inbody areas which cannot be reached without using invasive techniques like laparoscopy. WBANs can also be used in order to monitor other implanted devices like a pacemaker [3] . Considering the multiple applications of wireless medical devices, future generation of these devices should leap forward quantitatively in terms of data rate, power consumption, and so on.
The international standard for WBANs (IEEE 802.15.6) was published and approved in 2012 [4] . In this first version, the Medical Implant Communication Service (MICS) band was established as the frequency band used when at least one of the nodes involved in the communication is implanted inside the human body. These scenarios are reflected on the standard in S1 (implant to implant), S2 (implant to body surface), and S3 (implant to external) scenarios. The main reason to choose this frequency band, which works from 402 to 405 MHz, was the robustness against the high attenuated propagation medium [5] . However, MICS band is mainly constrained in terms of data rate due to the limited available bandwidth. Although new mobile communication standards encourage the use of large bandwidths to improve current applications, the medical standard has not been changed since its first publication. This fact restrains the 2 Wireless Communications and Mobile Computing IEEE Std. 802.15.6 to allow high data rate connections, which are achieved by other telecommunication services today in force. Therefore, future revisions of the current standard for in-body communications should consider more suitable frequency ranges for this purpose. A substantial improvement in technology has always led to unthinkable new applications. For example, the use of large bandwidths could make it possible to send high-definition images, which may improve the medical diagnosis.
Many research works are focused on studying new frequency bands for in-body communications. One of the proposed frequency bands has been the Industrial, Scientific, and Medical (ISM) radio band, which covers from 2400 to 2453.5 MHz [6] . However, this band is widely used in common telecommunication systems today in force, so a high amount of interferences among services could occur. Likewise, the available bandwidth is limited as well. For this reason, recent studies consider other possibilities to cover larger bandwidths for these applications. Concretely, a large number of these researches are focused on the frequency band from 1 to 5 GHz [7] [8] [9] . Nevertheless, the low part of this frequency range is highly saturated with conventional technologies for mobile communications such as GSM or UMTS. Hence, the Ultra-Wideband (UWB) frequency band, which covers from 3.1 to 10.6 GHz, has emerged as a potential candidate for the revision of the current standard for inbody communications. However, some studies point out how the losses increase dramatically in the propagation medium above 5 GHz [10] . Therefore, more research works should be devoted to study the low part of UWB and then decide whether UWB is the best candidate for this purpose.
Unfortunately, the study of the in-body channel conditions is not an easy task. For obvious moral and physical integrity reasons, laboratory tests with human subjects are practically forbidden. Hence, other ways to reproduce the electromagnetic behavior of human tissues are constantly sought. In the literature, a large number of research studies, based on measurement campaigns, which use sophisticated electromagnetic simulation software tools, can be found [7, 11, 12] . Even though measurements obtained from these tools could provide a first fair approximation, the results in real conditions could vary considerably due to the fact that a simulation software is not able to reproduce all the radio channel conditions. Moreover, the complex computations performed by using accurate anatomical models could imply the need of an expensive simulation cluster. Therefore, experts try to find other methodologies to emulate the propagation channel without using human beings. The use of living animal subjects such as pigs is an alternative used solution [13] [14] [15] . However, animal experimentation is highly restricted in a large number of countries. Furthermore, the cost of each surgery, as well as the low availability of the medical staff, make the use of this methodology with high periodicity difficult. On the other hand, the use of chemical solutions which emulate the complex relative permittivity of living tissues is widely spread [6, 16] . These mimicking materials are known as phantoms. Performing measurements by using these phantoms can be a cost-effective solution to recreate the propagation through human tissues compared to those previously mentioned.
Phantoms with a relative accuracy within narrow frequency bands can be found in the literature [17, 18] . Nevertheless, the reported phantoms which try to reproduce the permittivity in a large bandwidth [19] [20] [21] are far from the real values [22] .
Imitating the propagation through different tissues can be an unrealizable task. Reproducing a multilayer tissue model can produce inaccurate results, since the mimicking tissue layers should be separated with plastic or similar materials. The human body tissues located in both the thoracic and abdominal regions, such as muscle, heart, skin, or small intestine, have very similar complex permittivity values [22] . Accordingly, the use of a single-tissue liquid phantom is one of the most widespread approaches [15, 16] .
Novel healthcare applications at UWB band would depend on the performance of the radio channel. Channel diversity can encourage the use of accurate localization techniques [23] as well as diversity combining methods [24] . A lot of works study the diversity performance for on-body and off-body systems [25] . However, it is difficult to find researches which address the study of the diversity of the channel considering implanted nodes [26] . Another relevant characteristic is the reciprocity of the channel. This is clear in free space, but it should be proven when the antennas are implanted in this complex propagation medium. Assuming that the channel is reciprocal, several precoding techniques can be used in order to improve the reception [27] . In fact, it is quite relevant to apply reception improvement techniques to make up the high losses of the body tissues. A fair candidate technique could be Time Reversal. Using such technique, the energy can be focused on the intended antenna by precoding the transmitted signal in either the spatial or time domains. Accordingly, the received signal level can be increased, since a gain factor is obtained compared to sending the UWB signal without this kind of precoding. This fact can improve the radio link established among implanted sensors, compensating the high losses of the propagation medium at gigahertz frequencies [22] .
The motivation of this work is based on the exhaustive analysis of the UWB band as a future candidate for communications in an unexplored propagation scenario. Since the losses in the propagation medium dramatically increase at high frequencies, the IB2IB scenario can be the intermediate step in the connection between a deeply implanted node and an external or subcutaneous one. On the one hand, the losses in the propagation channel are evaluated in order to contribute to the channel modeling in this band. On the other hand, the diversity in transmission and reception is studied to encourage the use of diversity-based methods. In addition, the Time Reversal technique is applied to achieve a power gain that increases the maximum distance between transmitter and receiver.
For this work, a measurement campaign within the low part of UWB spectrum (3.1-5.1GHz) is performed from an experimental point of view by using a novel IB2IB measurement setup. For that, a highly accurate phantom, which mimics the dielectric properties of the human muscle tissue, is used. The measurement setup used in this work provides a large amount of measurements with high accuracy. From the obtained results, the path loss in this scenario is computed Figure 1 : Dielectric constant (a) and loss factor (b) of the real and the muscle phantom as described in [22] and [28] , respectively. and discussed. Besides, the channel diversity in transmission and reception is evaluated for different locations of the transmitting and receiving antennas. On the other hand, the reciprocity of the propagation channel is demonstrated when both antennas are submerged into the phantom. Finally, the Time Reversal technique is analyzed to increase the received power level and, consequently, the signal-to-noise ratio (SNR).
The rest of the paper is organized as follows: Section 2 describes the measurement setup and methodology. In Section 3, the UWB in-body radio channel characteristics are shown and discussed. The Time Reversal technique is analyzed in this section as well. Finally, Section 4 summarizes the conclusions of this research study.
Materials and Methods

Experimental Scenario.
According to the location of the transmitter and the receiver, different kinds of scenarios can be considered [29] . In this work, an in-body to inbody (IB2IB) scenario, where both transmitting and receiving antennas are implanted inside the body, was emulated.
High Accuracy Phantom.
To reproduce the propagation medium in the abdominal region, a muscle-mimicking liquid phantom was considered. The proposed phantom is an aqueous solution of 54.98% acetonitrile and 1.07% NaCl [28] . To our knowledge, the phantom used in these experimental measurements is the most accurate imitation of this tissue within the 0.5-26.5 GHz frequency range. Figure 1 shows the comparison of both parts of the relative permittivity of the muscle phantom and their real values reported in [22] .
Implanted Antennas.
Typically, when antennas are intended to work in free space, designers do not care about the propagation medium, since the relative permittivity of the air is practically 1. However, the considerations for designing implantable antenna are completely different. In this case, the wavelength is affected by the complex permittivity of the body tissues, which wrap the antenna [30] . Consequently, the antenna matching can vary considerably compared to that obtained in free space [31] . Besides, other relevant parameters such as the radiation pattern can modify its behavior as well. Therefore, human body tissues should be considered from the initial design stage, because the radiation parameters of the implanted antenna will be affected by the dielectric properties of the surrounding tissues. In the literature, a large amount of UWB antennas for biomedical applications can be found, from antennas to be tuned inside the skull [32] to tiny antennas for the capsule endoscopy [31] . In our particular case, antennas should have a compact structure to be implanted in the human torso. On the one hand, the antenna matching within the frequency band of interest should be achieved in order to perform reliable measurements. Besides, an antenna omnidirectional radiation pattern is preferred in order to communicate with a sensor network in which the nodes could be located in multiple in-body locations. Internal tissues are soft and in constant motion. Therefore, the implanted antenna can move with them and even rotate. This radiation pattern could remedy this fact. On the other hand, this kind of radiation pattern would allow interconnection with external nodes as well.
For our measurement campaign, two identical UWB monopole antenna candidates were chosen, since they comply with the requirements previously mentioned. Both antenna models are depicted in Figure 2 . Hereinafter, the antenna located on the left hand side of Figure 2 will be referred to as the IB TX, whereas the other one will be the IB RX. This coplanar waveguide (CPW) monopole antenna model was designed, miniaturized, and optimized, taking into account the permittivity of the human muscle tissue by means of a direct antenna designing procedure, as described in [10] . Thus, a reflection coefficient below -10 dB within our selected bandwidth of 3.1-5.1 GHz (see Figure 3) , when the antennas are submerged into the phantom, was accomplished. It should be highlighted that the antennas were previously covered by a latex rubber in order to avoid their damage. This latex material is widely used in medical environments. Besides, both antennas were carefully wrapped removing the air in order to get an airtight seal. Still, the good antenna matching remains. The values between antennas are different due to manufacturing process. Also, a quasi-omnidirectional radiation pattern, within this frequency range, considering the medium, was achieved [10] . The overall size of this antenna model was 23x20 mm 2 . It is worth mentioning that this antenna has been used in previous measurement campaigns, using two different kinds of phantom [10, 33] .
Methodology.
The measurements were performed by a Keysight E5072A ENA vector network analyzer (hereinafter referred to as VNA). The four scattering parameters (S 11 , S 21 , S 22 ,S 12 ) were obtained by the VNA. The transmitting and receiving antennas were connected to the ports 1 and 2 of the VNA by two coaxial cables, respectively. In order to remove the effects of cables and connectors, the VNA was calibrated through a full 2-port calibration from 3.1 to 5.1 GHz by using a calibration kit Rosenberger 03K30R. The configuration of the VNA was as follows: output power = 8 dBm; resolution bandwidth = 3 kHz; N = 1601 resolution points. In order to increase the SNR, five snapshots of every scattering parameter were obtained and averaged in each measurement point. In this scenario, the noise floor was at -90 dBm. Moreover, the return losses of both antennas were previously measured to ensure the antenna matching during the measurements (see Figure 3) .
The distance between antennas was obtained by a 3D electromagnetic tracking system. This guidance system consists of a mid-range transmitter (hereafter referred to as the tracking unit) and two magnetic sensors. The tracking unit generates a tracking volume and measures the absolute position of the sensors within this volume. The origin of coordinates is located in the center of the tracking unit. The tracking unit was close enough so that the generated tracking volume completely covered the area where the measurements were performed. From the absolute location of each sensor, the distance between them was computed. The error of the tracking system is lower than 1.4 mm per sensor. In order to reduce this error, 500 measurements of the sensor locations, in each measurement point, were obtained and averaged. Figure 4 depicts the experimental IB2IB scenario used in these measurements. Firstly, the muscle-like liquid phantom was poured into a Polypropylene (PP) container. The dimensions of the phantom container (30×30×15 cm 3 ) were chosen in order to imitate a cross section of the human abdominal region [34] . The wall thickness of the phantom was supposed to be negligible. Both antennas were submerged into the liquid phantom. Previously, the magnetic sensors were attached to the center of both antennas. The tracking unit was placed close to the phantom container, ensuring that the tracking volume covered all the sensor locations. Then, the antennas and sensors were covered by a latex rubber in order to avoid damaging the connectors. It is worth mentioning that the antenna matching is maintained despite the inclusion of this material, as can be observed in Figure 3 .
Experimental Measurement Setup.
The in-body transmitter (IB TX, Figure 4 ) was moved to multiple in-body 3D locations into the liquid phantom by means of a 3-axis automatic robotic arm (hereafter referred to as positioner). The positioner held and placed the antenna in different (x, y, z) locations. The error of this positioner is less than 0.254 mm per cm in each axis. The in-body transmitter was moved in steps of Δx = Δy = Δz = 1 cm along the three axes, whereas the in-body receiver (IB RX) was fixed into the phantom (see Figure 4(a) ). The transmitting antenna was located in a XYZ mesh of 6×7×5 measurement points. This area tries to simulate the interconnection among implanted nodes in a specific area inside the human abdomen. To facilitate the understanding of the measurements, reference points in each axis were established. The plane z = 0 was the center plane, whereas the other planes were located above (-Δz, -2Δz) and below (Δz, 2Δz), from z = 0. The Z reference plane was at a height of 8 cm from the container's floor. X = 0 was at 15 cm from the container's walls, and the transmitting antenna was moved backwards from this position. Finally, Y = 0 was in the middle of the wall of the box, and the transmitter was moved to the left and right from this point. During measurements, the positioner stopped in each location, until the VNA and the tracking unit had finished the data acquisition. Software was developed with Visual Studio in order to control, synchronize, and measure, with the VNA, the tracking system and the positioner. The XYZ mesh of the 6×7×5 measurement points was measured in four different locations of the in-body receiver (see Figure 4(b) ). These locations were named as RX1, RX2, RX3, and RX4. RX1 was at Z = 0, Y = 0 and 10 cm from the container's wall located behind it (X axis). The rest of the receiver locations were at multiples of the wavelength ( ) from RX1 within the same height (Z plane). The value of corresponds to the wavelength at the central frequency (4.1 GHz) of the bandwidth under analysis considering the propagation speed inside the phantom.
Data Processing.
From the S 21 measured samples, the path loss values from 3.1 to 5.1 GHz for this IB2IB scenario were computed. It should be highlighted that only those S 21 values of 10 dB above the noise level were taken into account. Moreover, wall reflections and nondirect contributions were highly attenuated by the losses into the phantom. Thus, the received power was practically the power of the direct path contributions. In Figure 5 , the power delay profile for 5 different depths in the X axis ranging from 5 to 9 cm considering RX1 is depicted. As can be observed, the direct path is practically the main contribution.
The path loss values were calculated as follows:
where The diversity of the channel in transmission and reception, as well as the reciprocity of the propagation channel, were assessed by computing the correlation coefficients. These coefficients were calculated as the maximum correlation between two different channel impulse responses as follows:
E[ ] being the expected value and ℎ ( ) being the channel impulse response for a distance between antennas i . It is worth mentioning that the S 21 response measured by the VNA is directly the channel transfer function (H(f )) [35] . During the measurement time, a static channel was considered. In order to obtain the channel impulse response, a rectangular windowing function was applied so as not to lose resolution [36] . Then, the channel impulse responses were obtained by the IFFT with N = 1601 resolution points as in [33] .
Results and Discussion
Channel Characteristics
Path Loss.
For this section, the in-body receiver was at RX1 (see Figure 4(b) ). Figure 6 depicts, on the one hand, the path loss for different heights, i.e., Z planes (see Figure 6 (a)), and, on the other hand, the path loss considering all the values involved (see Figure 6(b) ). As can be observed, the linear approximation model achieves a well fitting in all cases. The linear model can be expressed as follows:
where 0, is the value of the path loss for either different Z planes or all of them when the distance between antennas d tends to 0; and is a fitting parameter. Table 1 presents the path loss fitting parameters considering different heights as well as all the measured values. As can be observed from this table, the values are quite similar. 0,z varies from 34 to 46 dB, and z varies from 3 to 5, approximately. It can be noted that those furthest planes from z = 0 (-2Δz, 2Δz) have more losses than the rest. This is due to the fact that the antenna misalignment increases at the extreme planes. The losses are lower when the antennas are at the same height (z = 0). When all the measured points are considered, the slope of the approximation model is higher than those obtained for different heights. However, there is no a significant variation. Our results evidence that the path loss values are well fitted by a linear model in all the cases. The path loss approximation model for the measured points at all Z planes is consistent with the values obtained in a previous measurement campaign in which the receiver antenna was quite large [33] . Moreover, the trend of our approximation models is in agreement with other phantom-based measurements as [6] . Nevertheless, the conclusions of comparing both studies could be counterproductive since the frequency bands assessed in each study are different. For future implanted sensor networks, many more measurements should be performed, because the related literature lacks these kinds of studies in this promising scenario.
Reciprocity of the Propagation Channel.
A reciprocal channel means that the forward transmission coefficients (S 21 , S 12 ) have similar features in both communication directions. If the reciprocity of the channel is ensured, techniques can be used from which to benefit [37] . When both antennas are located in free space with line-of-sight (LOS) conditions, it is relatively obvious to think that the channel is reciprocal. At in-body communications, the antennas are located in the body, which produces a high variation in their characteristics. The complex permittivity of the body tissues modifies the propagation speed and therefore the wavelength compared to free space. Thus, the field regions might change their radiation areas [38] . Therefore, the antennas could be in near field regions, where the radiation parameters fluctuate considerably. On the other hand, even though a single-layer phantom is used, the LOS cannot be guaranteed, since there is a chemical solution between antennas as well as the protective layers that wrap the antennas. Figure 7 depicts S 21 and S 12 in three different measurement points at different heights. For this study, the values obtained from RX1 are used as well. It can be noted that the frequency responses are practically identical to each other. Besides, Table 2 shows the probability values where the correlation between S 21 and S 12 in the same measurement point at different Z planes is above 0.8. One can observe the high similarity regardless of the location of the transmitting antenna. Hence, it can be concluded that the propagation channel can be practically considered reciprocal when both antennas are submerged into the liquid phantom.
Correlation Coefficients (a) Correlation in Transmission.
The diversity of the channel was evaluated by the correlation coefficients. In Figure 8 , the scheme for computing the correlation coefficients in transmission is shown. The receiving antenna was in the RX1 position. In each Z plane, a reference location of the transmitting antenna was established. These reference locations were at X = 0, Y = 0 in each Z plane. Accordingly, the channel impulse response in the reference location (ℎ 1 in (2)) was correlated with those impulse responses located at the same Z plane (ℎ 2 in (2)). Figure 9 depicts the correlation in transmission for the transmitting antennas located at the same height, particularized for RX1. From this figure, it can be noted that the behavior of the correlation is quite similar regardless of the Z plane. Besides, it can be observed that the correlation remains constant when the distance in X axis is fixed and the distance in Y axis is varied. Moreover, the correlation drops below 0.5 when the transmitter location is above 4Δx (4 cm) from the reference transmitting antenna location.
(b) Correlation in Reception. In order to assess the correlation in reception, the position of different receiving antenna locations was considered. The channel impulse responses for each transmitting antenna location, obtained from RX2, were correlated with those obtained from the rest of the receivers (RX1, RX3, and RX4) at the same receiving antenna location. According to (2) , ℎ 1 was the channel impulse response obtained from RX2 in a transmitting antenna location, whereas ℎ 2 was the impulse response in the same antenna location, obtained from the other receiver locations, i.e., d 1 = d 2 . RX1 and RX3 were 2 and 4 away from RX2 in X axis, respectively, while RX4 was 2 away in X axis and 5 in Y axis from RX2 as well (see Figure 4(b) ). Figure 10 shows the complementary cumulative distribution function (CCDF) for the correlation in reception, i.e., CCDF = 1 -P (X < correlation coefficients) = P (X > correlation coefficients). The CCDF in each pair of receivers was computed considering all the measurement points in the three axes. As can be observed, the correlation decreases as the distance between receivers increases. This is more significant when the receiving antennas are away in both axes (RX2 and RX4), since practically all the correlation coefficients are below 0.65. When the receiver antennas are only separated in the X axis, the correlation increases considerably. Nevertheless, the increment of the distance between receivers in the X axis can reduce the correlation. As can be seen in Figure 10 , the values of the correlation coefficients when the receiving antennas are separated 4 (RX2 and RX3) decrease by 0.1 units compared to the values when receivers are separated 2 (RX2 and RX1). However, the correlation was very high in both cases.
Time Reversal Technique
Principle.
In 2004, the Time Reversal (TR) signal processing was extended to the electromagnetic waves [37] . This technique was used to focus the transmitted energy on the intended receiver, thus reducing the interference from other field sources.
Combining UWB pulses and TR can take benefit from multipath propagation environments [27] . TR achieves a space-time compression. The idea is to precode the transmitted UWB pulse to obtain a new channel impulse response. Firstly, the receiver sends a known pulse to the transmitter. Then, from such received pulse, the transmitter can estimate the channel impulse response, h( ), between transmitter and receiver. Thus, the transmitter sends a precoded signal to the receiver, which consists of the signal to be transmitted, x(t), convolved with the inverse and conjugated channel impulse response previously estimated, ℎ * (-). It should be remarked that for applying this technique the channel should be reciprocal so that the channel impulse response can be estimated [37] .
Mathematically, the received signal y(t) can be expressed as
where ⊗ is the convolution operator and h ( ) is the equivalent channel impulse response, obtained from ℎ( ) and ℎ * (− ) are the channel impulse response and its inverted and conjugated form, respectively.
To evaluate the characteristics of the TR technique, some figures of merit can be found in the literature. In [27] , authors proposed a peak to peak gain (G 2 ) which shows the ratio between the strongest path using TR (h ) and the conventional form (h). Therefore, the precoding of the channel could achieve a gain in the received signal, which can be measured as follows: 
Analysis.
As can be observed in Section 3.2, Figure 6 , losses dramatically grow as the distance between antennas increases in this complex environment.
In this section, TR is used in the IB2IB scenario described in Figure 4 . Regarding the receiving antenna, it was placed in the RX1 position. As mentioned in Section 2.6, the received power is practically the direct path contribution. Therefore, the best way to evaluate the performance of TR is to compare the strongest path with and without using TR. Accordingly, G 2 was calculated for each Z plane to evaluate the performance of TR in this specific application. As evidenced in Section 3.1.2, a reciprocal channel can be assumed. Hence, according to (4), the estimated channel impulse response ℎ * (− ) was calculated from the S 12 samples, whereas ℎ( ) was the channel impulse response obtained from the S 21 samples. Figure 11 shows the values of the peak to peak gain for each Z plane. The gain approximately varies from 4 to 11 dB, being higher when transmitter and receiver are further away from each other. Besides, the gain has higher values when the transmitter is located at the upper and lower planes (-2Δz, 2Δz). As can be observed in Figure 6 , the losses are 5 dB/cm, approximately. Therefore, by using TR technique, the distance between transmitters could be increased from 1 to 2 cm, approximately. It implies 11-22% of that without applying Time Reversal processing. On the other hand, with the observation of the diversity in transmission shown in Figure 9 , it can be noted that there is a relation between these values and G 2 . Comparing Figure 9 and Figure 11 , it can be concluded that G 2 increases when correlation does.
3.3.
Perspective. In this work, the channel features and a first approach of the TR technique have been studied in a high accurate IB2IB scenario. Future works should obtain results in this scenario in other experimental setups such as in vivo experiments by using animal subjects. In this way, the findings obtained in this work could be compared as well.
In order to obtain a standardized channel model for future in-body networks, more and more validations should be performed within the UWB frequency range. Therefore, the values obtained in this measurement campaign should be compared with those obtained in different parts of the body. On the other hand, the TR technique should be also tested in realistic implanted multisensor networks by using sophisticated transmission-reception environments as in [39] .
Conclusions
In this paper, results obtained from a high accurate phantombased measurement setup are presented and discussed. This experimental setup reproduces the transmission between implanted nodes in the abdominal region. On the one hand, channel performance within UWB frequencies (3.1-5.1 GHz) is assessed for the in-body to in-body (IB2IB) scenario. Our results evidenced that the path loss models could be well fitted by a linear approximation model regardless of the Z plane considered. Besides, the correlation in transmission and reception is evaluated. Uncorrelated channel impulse responses in transmission are achieved when the nodes are separated 4 cm at least. In reception, the receivers have to be more than 2 away to reach uncorrelation. On the other hand, the reciprocity of the channel has been studied and proved since the propagation medium is not the free space. Inasmuch as the channel is reciprocal, it allows the use of diversity techniques to compensate the high losses of the propagation medium. Using the Time Reversal processing technique, a gain between 4 and 11 dB can be achieved. This enhancement implies that the distance between sensors could increase from
